Type I (insulin-dependent) diabetes mellitus is associated with metabolic and cardiovascular abnormalities as exemplified by the streptozotocin (STZ) induced diabetic rat. Along with profound hyperglycaemia and reduced plasma insulin concentrations, STZ rats shaw altered responses to vasoconstrictor stimuli, and over time, develop complications characteristic of Type I diabetes [1] . Endothelin has been implicated in various disorders such as renal disease, atherosclerosis, diabetes mellitus and hypertension [2±6]. The STZ diabetic rat has been shown to exhibit either attenuated or enhanced vascular responses to various agonists, including endothelin (ET) [7±17]. In addition, some studies have shown plasma ET concentrations to be increased in both STZ rats and in patients with Type I diabetes [4, 15, 17±19] and other studies demonstrated decreased or unchanged plasma ET concentrations in diabetic models compared with non-diabetic control subjects [20±22]. The rea- Diabetologia (1998 Insulin and vanadate restore decreased plasma endothelin concentrations and exaggerated vascular responses to normal in the streptozotocin diabetic rat
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sons for these discrepancies are not well defined, but nevertheless, both human and animal models of Type I diabetes appear to exhibit alterations in vascular ET activity. Clearly, more studies are warranted to clarify this issue.
Insulin has been shown to increase ET release from endothelial cells (EC) [23, 24] , and to increase plasma ET levels in humans [25, 26] . Furthermore, we and others have shown that insulin increases ET receptor expression and action in isolated vascular smooth muscle cells [27, 28] . Despite such potentially adverse vascular effects of insulin mediated by the ET system, cardiovascular morbidity is decreased when tight glycaemic control is instituted with insulin therapy [29] . Vanadium compounds have also been shown to exhibit beneficial metabolic effects and to correct alterations associated with the diabetic state in STZ rats [14, 30] . The effect of vanadate treatment on alterations in ET activity in diabetes has not been investigated. Therefore, we investigated the effect of 2 weeks of vanadate treatment on ET-1 evoked tension responses and plasma ET concentrations in STZ diabetic rats. In light of the well documented effects of insulin on the vascular ET system, we compared the effects of vanadate with those of insulin over the same treatment period.
Materials and methods
Animals. Sprague-Dawley (SD) rats (nine weeks old and 150±200 g) were fasted for 24 h before being given either a single dose of streptozotocin (STZ group) (55 mg/kg) in citrate buffer (pH 4.5) or citrate buffer (vehicle) alone (SD group) via intraperitoneal injection. Hyperglycaemia ( > 15 mmol/l) was confirmed in the treated rats after 1 week. At 3 weeks after STZ treatment, rats were divided into eight groups of eight rats each: SD-insulin control, SD-insulin treated, STZ-insulin control, STZ-insulin treated, SD-vanadate control, SD-vanadate treated, STZ-vanadate control and STZ-vanadate treated. Rats in the insulin and insulin control group received either 12 mU × kg ±1 × min ±1 of Iletin II insulin or sterile diluent via subcutaneous miniosmotic pump (ALZA Corp., Palo Alto, Calif., USA) for 2 weeks. Vanadate treated rats received 0.5 mg/ml sodium orthovanadate (buffered to pH 7.0 with ascorbic acid) in drinking water freshly prepared every second day for 2 weeks, whereas normal control rats received plain tap water. Animals were weighed before and after treatment and food and water intake was monitored daily over the treatment period. Vanadate doses were gradually increased over the week preceding the study to allow the rats to become accustomed to the taste.
Analytical procedures. At the end of the 2 week treatment period, animals were killed by decapitation under ether anesthesia and plasma samples were collected in tubes containing EDTA. Blood samples were centrifuged at 2000 g´10 min and stored at ±70°C until plasma insulin and ET measurements were undertaken. Plasma glucose was measured on the day of sacrifice by glucose oxidase method (One Touch, Lifescan, Vancouver, Brit. Col., Canada), and plasma insulin and ET were measured using commercially available radioimmunoassay kits (Amersham, Oakville, Ont., Canada). Briefly, sample preparation for plasma ET determinations was done by first acidifying 1 ml of plasma with 2 mol/l HCl and centrifuging at 1000 g´5 min. The sample was then loaded onto Amprep 500 mg C2 mini-columns (Amersham), washed with 0.1 % Trifluoroacetic acid (TFA), and then eluted with 80 % acetonitrile and 0.1 % TFA. The sample was dried down under nitrogen. ET was detected with the use of an [ 125 I] ET-1 radioimmunoassay kit whose cross reactivity values were negligible with unrelated vasoactive peptides such as arginine vasopressin (0.02 %), angiotensin II (0.03 %), atrial natriuretic peptide (ANP < 0.01 %), brain natriuretic peptide ( < 0.01 %) and big ET-1 (0.26 %), whereas it showed considerable cross-reactivity with other ET isopeptides such as ET-2 (144 %), ET-3 (52 %), sarafotoxin 6 b (S6 b , 12 %) and vasoactive intestinal contractor (100 %). Although circulating plasma ET is contributed predominantly by ET-1, in view of the significant cross-reactivity of the ligand with ET-2 and ET-3 in the RIA procedure used in our study, the data obtained was stated as changes in plasma ET concentrations. Recovery of ET-1 was determined to be 79 %.
Tension measurements. Ring preparations of the thoracic aorta (5 mm) were dissected and cleared of adhering fat and connective tissues. Aortic segments were gently rubbed between thumb and forefinger to facilitate endothelium removal in those experiments requiring endothelial denudation. They were then set up for isometric tension measurements in 20 ml organ baths containing modified Krebs physiological salt solution KH 2 25 .0, and glucose 11.1) and continuously oxygenated with 95 % O 2 /5 % CO 2 at 37°C. Maximal force development to ET-1 (100 nmol/ l) was determined to be at 2 g resting preload tension in all groups (data not shown), thus preload was set at 2 g. Increases in isometric tension at basal and agonist evoked conditions were recorded on a Grass 7E polygraph with FTO . 3 force transducers. The detailed procedure for measuring tension development in aortic rings is described elsewhere [31] .
The tissues were allowed to equilibrate for 1 h (with washings every 20 min) before the tissue was made stable with a dose of phenylephrine (3´10 ±5 mol/l). After allowing the tissue to return to baseline tension, methoxamine was added in a cumulative dose fashion after which acetylcholine chloridechallenge was done to assess endothelium integrity. All drugs were added in 50±100 ml quantities to provide the required final bath concentrations. The tissues were allowed to relax to baseline tension for 1 h after which cumulative dose additions were undertaken with ET-1. At the end of the experiment, tissues were allowed to dry overnight, weighed and the cross sectional areas were calculated as described to allow for expression of tension development in g × mm ±2 [31] .
Drugs and chemicals. Acetylcholine chloride, methoxamine hydrochloride, phenylephrine hydrochloride, sodium orthovanadate, and streptozotocin were obtained from Sigma-Aldrich (Milwaukee, Wis., USA). Human/porcine/rat endothelin-1 (ET-1) was obtained from American Peptide Co Inc. (Sunnyvale, Calif., USA) and Iletin II insulin and sterile diluent were from Eli Lilly (Indianapolis, Ind., USA). 
Results
Body weight and food intake of all groups before and after the 2 week insulin and vanadate treatment period are shown in Tables 1 and 2 respectively. The body weights of STZ rats before treatment (3 weeks post-STZ) were lower (p < 0.001) than in normal rats in all groups. Over the 2 week treatment period, untreated STZ rats failed to show a significant increase in body weight. STZ rats treated with vanadate also failed to show significant increases in weight over the treatment period and SD rats treated with vanadate gained significantly less weight than their untreated counterparts. These observations are in accordance with other studies showing that, under short term treatment ( < 20 days) with vanadate, STZ rats tend to lose weight [32] . Insulin treated STZ rats, on the other hand, gained weight over the treatment period. Food intake over the 2 week treatment period was significantly greater in all untreated STZ rats than in all SD groups. Both vanadate and insulin treatment significantly lowered food intake in STZ rats to near that of untreated SD controls. Vanadate treatment also led to a significantly reduced food intake in SD rats. Vanadate intake, calculated by multiplying daily water intake by vanadate concentration in the water, amounted to 30 ± 0.7 mg × rat ±1 × day ±1 in STZ rats, and 22 ± 1.3 g × rat ±1 × day ±1 in SD rats. This dose is in line with previous studies showing beneficial effects of vanadate on blood glucose concentrations [30, 32] .
Blood glucose and plasma insulin concentrations for all groups are shown in Tables 1 and 2 . Both untreated STZ groups had higher (p < 0.001) fasting plasma glucose and lower (p < 0.001) plasma insulin concentrations than SD controls. Insulin and vanadate treated STZ rats had lower (p < 0.001) blood glucose concentrations than untreated STZ rats. Vanadate treatment had no significant effect on plasma insulin concentrations in either STZ or SD rats, but as expected, insulin treatment raised (p < 0.001) plasma insulin concentrations in both groups. Plasma ET concentrations (pmol/l) as shown in Figure 1 were lower in untreated STZ groups than in untreated SD groups (untreated insulin group: SD, 1.04 ± 0.20; STZ, 0.46 ± 0.08, p < 0.05; untreated vanadate group: SD, 1.05 ± 0.18; STZ, 0.39 ± 0.06, p < 0.05). Both insulin and vanadate treated STZ rats had significantly higher plasma ET concentrations than untreated STZ rats (insulin group: untreated, 0.46 ± 0.08; treated, 1.09 ± 0.19, p < 0.05; vanadate group: untreated, 0.39 ± 0.06; treated, 0.88 ± 0.12, p < 0.05). SD rats treated with vanadate or insulin also had increased plasma ET concentrations compared with untreated respective control groups (insulin group: untreated, 1.04 ± 0.20; treated, 1.94 ± 0.12, p < 0.05; vanadate group: untreated, 1.05 ± 0.18; treated, 1.85 ± 0.22, p < 0.05) (Fig. 1) .
Tension response studies in aortic rings are shown in Figures 2 and 3 . Maximum tension responses to ET-1 were greater (p < 0.01) in aortae from both un- Data are mean ± SEM from eight separate rats a p < 0.001 vs control-SD group treated groups of STZ rats than in their non-diabetic counterparts both in the presence (Fig. 2 a,c) and absence ( Fig. 2 b,d ) of intact endothelium. Aortae from insulin (upper panel Fig. 2 a,b) and vanadate (lower panel Fig. 2 c,d ) treated STZ rats, however, showed maximum ET-1 evoked tension responses similar to those in untreated SD rats. There was no difference in maximum tension development in insulin and vanadate treated SD groups when compared with untreated SD controls, again both in the presence and absence of endothelium. Also, there were no differences in EC 50 values amongst any of the groups with the exception of endothelium removal which resulted in a shift to the left in the cumulative concentration response curves to ET-1 in all groups with no changes in E max values (Fig. 2 c,d and Table 3 ). Similarly, methoxamine evoked increases in maximum tension development were greater (p < 0.01) in untreated STZ rats compared with SD controls both in the presence (Fig. 3 a,c) and absence ( Fig. 3 b,d ) of intact endothelium, and both insulin (Fig. 3 a,b) and vanadate ( Fig. 3 c,d ) treatment appeared to correct this abnormality to the level of normal controls. Once again, no differences in EC 50 values were observed amongst any of the groups with the exception of endothelium denuded groups exhibiting a shift to the left in the cumulative concentration response curves to methoxamine with no significant changes in E max values (Fig. 3 c,d and Table 3 ).
Discussion
Our study shows that 5 weeks of STZ-induced diabetes is associated with decreased plasma ET concentrations and exaggerated ET-1 evoked vasoconstrictor responses. Oral vanadate treatment and continuous subcutaneous delivery of insulin for 2 weeks led to: a) a significant decrease in fasting plasma glucose to non-diabetic concentrations in STZ rats, b) restoration of decreased plasma ET concentrations in STZ diabetic rats to that of the controls, c) raising of plasma ET concentrations by about twofold in normal SD rats, and d) returning increased E max to vasoconstrictor agonists to normal in STZ rats. We have shown for the first time that short-term (2 weeks) insulin and vanadate treatment leads to higher plasma ET concentrations and prevents or reverses the exaggerated vasoconstrictor responses to ET-1 in STZ diabetic rats. The role of ET in the diabetic state is controversial. Hyperlipidaemia, hyperglycaemia, and hyperinsulinaemia are all thought to alter plasma concentrations of ET in the diabetic state [23±26, 33] , but the direction of changes in plasma ET in diabetes is uncertain. In contrast to our observation of decreased plasma ET concentrations in STZ rats, some studies have shown increased plasma ET in STZ rats and pa- Results represent mean ± SEM of eight separate determinations using plasma samples from eight different rats. *p < 0.05 vs respective SD-control; and + p < 0.05 vs respective STZ-control Fig. 2a±d . Cumulative-concentration response curves to ET-1 (0.1 nmol/l±50 nmol/l) in ring preparations of rat aorta with intact and denuded endothelium in 5 week streptozotocin (STZ) diabetic rats and Sprague-Dawley (SD) non-diabetic rats treated or untreated with either insulin (s. c. 12 mU × kg ±1 × min ±1 ) or sodium orthovanadate (0.5 mg/ml) in water ad libitum for two weeks. Line graphs for the upper panel ± describes data from aortae of insulin group with intact (¾) (a) and denuded (----) (b) endothelium. Line graphs from the lower panel depict data from aortae from vanadate treated group with intact (c) and denuded (d) endothelium: SD-untreated (^), SD-treated (S), STZ-untreated (k), and STZ-treated (U) rats. Each data point is a mean ± SEM of eight separate determinations using tissues from eight different rats. *p < 0.05, **p < 0.01 in comparison with same data point for all other groups tients with Type I diabetes [4, 15, 17±19] . On the other hand, in support of our observations, significantly lower plasma ET concentrations in Type I diabetic patients and undetectable ET immunoreactivity in plasma of STZ rats have also been reported [20±22] . Similarly, in vitro studies with cultured bovine or porcine aortic EC have shown both elevated and decreased concentrations of ET released after addition of high glucose to the culture medium [24, 33] . Discrepancies in vivo may result from differences in the degree and duration of hyperglycaemia, the presence of diabetic complications, and possibly in the state of endothelial function in the model studied. It is possible that differences in endothelium derived relaxing factor (EDRF) production may contribute to these variations since its function declines in proportion to the duration of hyperglycaemia in STZ diabetes, and it is known to inhibit ET release [12, 34] . Acetylcholine-evoked relaxation of aortic rings was intact in our study (data not shown), suggesting that EDRF production remained unaffected by STZ diabetes in this vascular smooth muscle preparation. Thus, it may be that unaltered EDRF production along with diminished plasma insulin concentrations in the untreated STZ group resulted in decreased ET production since insulin is well known to stimulate ET release from vascular EC [23] . Longer term STZ rats may exhibit augmented ET-1 concentrations secondary to endothelial dysfunction and attenuated EDRF production.
The observation that insulin treatment restores plasma ET concentrations to normal in STZ rats and increases it twofold in normal control rats can be explained by its cellular actions on EC. In 1991, using cultured bovine aortic EC, it was shown that insulin (1.6 nmol/l) increased prepro ET mRNA concentrations within 2 h and a maximum effect was reached at 17 nmol/l [23] . Later studies have shown that insulin infusion increases plasma ET concentrations in humans [25, 26] . The increase in plasma ET after insulin treatment of diabetic rats in our study could be due to: a) the return to normal of hyperglycaemia and hyperlipidaemia resulting in restoration of ET production from EC [26] , b) the return to normal of hyperglycaemia leading to restoration of EDRF mediated inhibition of ET release [12, 34] or c) the direct effect of insulin on endothelial ET production [23, 24] Fig. 3a±d. Cumulative-concentration response curves to methoxamine (100 nmol/l±100 mmol/l) in rat aortic ring preparations. Upper panel ± aortae from insulin group with intact (Ð) (a) and denuded (---) (b) endothelium. Lower panel ± aortae from vanadate group with intact (c) and denuded (d) endothelium: SD-untreated (^), SD-treated (S), STZ-untreated (k), and STZ-treated (U) rats. Each data point is a mean ± SEM of eight separate determinations using tissues from eight different rats. *p < 0.05; **p < 0.01 in comparison with same data point for all other groups or an interplay of these events. The observation that vanadate increases plasma ET in a manner similar to insulin in both STZ and normal rats is novel but it is known to mimic most of the cellular and metabolic actions of insulin via inhibition of protein tyrosine phosphatases, leading to enhanced insulin sensitive and non-sensitive tyrosine kinase activation [30] . Thus, vanadate may enhance plasma ET concentrations in a manner similar to the mechanism whereby insulin increases ET release. In our study, vanadate treatment led to reduced food intake in both normal and diabetic rats. Earlier it has been shown that the hypophagic effect of vanadate is only transient [32] . No studies to date have assessed the effect of hypophagia on plasma ET concentrations in normal or diabetic states. There are three points we should mention: a) vanadium compounds both in vivo and in vitro mimic most, if not all of the metabolic actions of insulin, b) in the present study, both insulin and vanadate evoke similar effects on ET-1 action, and c) it is now well established that the effects of vanadate on metabolic variables are separate from its effects on hypoghagia [30] . It is thus improbable that reduced food intake in the vanadate groups contributed to alterations in plasma ET.
Although our study suggests that STZ diabetes is associated with increases in vasoconstrictor responses to both ET-1 and MTX, other studies have shown both decreased [9, 15, 17] and increased [10, 13] vasoconstrictor and vasodilator responses to ET-1 and both decreased [7, 11] and increased [8, 12, 14] vasoconstrictor responses to a 1 adrenergic stimulation in STZ rats. This interstudy variation could result from differences in the vascular bed studied, the severity and duration of hyperglycaemia and differences in experimental procedures for measuring vasoconstriction [1] . Some studies showing increased vasoconstrictor responses in STZ diabetic rats to various agonists have shown the increase to be of a non-specific nature leading to enhanced vasoconstriction regardless of the agonist used [1, 8] . Our observation that plasma ET concentrations are decreased in STZ rats suggests ET receptor up-regulation as a potential mechanism whereby responses to ET-1 ex vivo would be enhanced. A recent study has shown desensitized ET A mediated vasoconstrictor and ET B mediated vasodilator responses in the perfused mesenteric vascular bed along with raised plasma ET-1 in 10-week-old STZ diabetic rats [17] . These results suggest that raised ET induced receptor down regulation could have contributed to desensitized ET evoked vascular responses. In our study, although we cannot rule out receptor changes due to attenuated ET concentrations, it is probable that another common mechanism is responsible for higher reactivity to ET-1. This is supported by both MTX and ET-1 evoked vasoconstrictor responses being enhanced (non-specific effect), both in the presence and absence of intact endothelium (endothelium independent). Alterations in metabolic variables such as plasma lipids, glucose, and insulin concentrations could all potentially contribute to alterations in vascular smooth muscle function in STZ diabetes [1] , leading to a generalized enhancement of the contractile state of the vasculature.
Insulin treatment has been shown to return altered contractile responses in the STZ diabetic rat to normal [7, 16] . Furthermore, in addition to its well-established insulinomimetic effects on metabolic abnormalities in the STZ rat [30] , at least one group has shown oral vanadate therapy to improve vascular reactivity in STZ rats [14] . In this study, however, the effect of long-term (10 weeks) treatment was assessed and neither responses to ET-1 nor comparisons to insulin were undertaken. Given increasing evidence that metabolic abnormalities are a major causative factor in diabetic vascular complications ± and the fact that they are reversible by insulin treatment and restoration of metabolic control, it is likely that the beneficial effects of these compounds are mediated by correction of metabolic variables in the STZ rat [1, 7, 16] . Furthermore, since exaggerated responses are corrected in both endothelial denuded and intact aorta, it is likely that correction of abnormal vascular responses in the STZ rats occurs at the vascular smooth muscle level.
ET-1 is a potent endothelial derived vasoconstrictor and mitogenic peptide [35] . Its potency and longlasting effects suggest that it is an integral component involved in the local control of blood flow to all organs of the body. Altered ET-1 action [5, 6] , and raised plasma ET [2±5] have been observed in several cardiovascular disease states. Despite the fact that ET is known mainly as a paracrine hormone [36] , plasma concentrations of ET are thought to parallel concentration of ET released in a paracrine manner by the vascular endothelium [3] . The observation that STZ diabetes leads to alterations in plasma ET and action at the level of vascular smooth muscle suggests ET as a contributor to the vascular complications observed in this animal model of Type I diabetes. The restoration by insulin and vanadate treatment of these indices of ET activity to normal in the diabetic state provides further evidence of the beneficial vascular effects of these compounds.
We and others have shown that insulin per se is able to up regulate ET A receptors in aortic smooth muscle cells in vitro [27, 28] . Furthermore, we have recently observed that aortic tissue from hyperinsulinaemic-insulin resistant obese Zucker rats had increased ET A receptor concentrations [28] . Thus, it is possible that insulin has the capability to regulate not only ET peptide expression but also, at higher concentrations, to regulate ET receptor expression in vivo. Thus, along with vascular smooth muscle mitogenic [37] and other hypertension-promoting ef-fects [38] , it is possible that high plasma insulin can promote adverse cardiovascular events via augmented ET activity at the vascular smooth muscle level. The observation that vascular complications still arise in diabetic patients despite adequate glucose control supports the concept that insulin treatment can promote adverse vascular complications [39] . Our study shows, however, that poor metabolic control associated with hypoinsulinaemia can also promote a general enhancement of vascular reactivity as well as alterations in ET plasma concentrations. Thus, tight metabolic control of insulin-dependent diabetes (minimizing fluctuations between insulinaemia and glycaemia/ lipidaemia) is essential to prevent potential ET mediated cardiovascular complications in this metabolic disorder.
While vanadium compounds represent an orally bioavailable insulinomimetic alternative with great potential for the treatment of Type I diabetes, they have well-established gastrointestinal, renal and cardiovascular toxicities per se [30, 40, 41] . Thus, despite the return to normal of ET action by insulin and vanadate treatment via correction of metabolic abnormalities, considerable limitations exist in the use of these agents in Type I diabetes.
In conclusion, our results show that 5-week STZ diabetic rats had enhanced agonist-evoked vasoconstrictor responses and decreased plasma ET relative to non-diabetic controls. Both insulin and vanadate treatment of STZ rats for 2 weeks returns these alterations to normal. Since recent research has focused on metabolic abnormalities as a major causative factor in diabetic vascular complications [1, 29, 39] , the beneficial effects of insulin and vanadate on metabolic control suggests a beneficial effect on adverse cardiovascular alterations in STZ diabetes treated with these compounds. Despite potential atherogenic and hypertensiogenic effects, insulin and vanadate treatment in Type I diabetes can beneficially affect alterations in vascular ET activity present in the STZ diabetic rat.
